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Abstract: For colonic drug delivery, the ascending part of the colon is the most favourable site as it
offers the most suitable environmental conditions for drug dissolution. Commonly, the performance
of a drug formulation is assessed using standardised dissolution apparatus, which does not replicate
the hydrodynamics and shear stress evoked by wall motion in the colon. In this work, computer
simulations are used to analyse and understand the influence of different biorelevant motility patterns
on the disintegration/drug release of a solid dosage form (tablet) under different fluid conditions
(viscosities) to mimic the ascending colonic environment. Furthermore, the ability of the motility
pattern to distribute the drug in the ascending colon luminal environment is analysed to provide data
for a spatiotemporal concentration profile. The motility patterns used are derived from in vivo data
representing different motility patterns in the human ascending colon. The applied motility patterns
show considerable differences in the drug release rate from the tablet, as well as in the ability to
distribute the drug along the colon. The drug dissolution/disintegration process from a solid dosage
form is primarily influenced by the hydrodynamic and shear stress it experiences, i.e., a combination
of motility pattern and fluid viscosity. Reduced fluid motion leads to a more pronounced influence
of diffusion in the tablet dissolution process. The motility pattern that provoked frequent single
shear stress peaks seemed to be more effective in achieving a higher drug release rate. The ability to
simulate drug release profiles under biorelevant colonic environmental conditions provides valuable
feedback to better understand the drug formulation and how this can be optimised to ensure that the
drug is present in the desired concentration within the ascending colon.

Keywords: mathematical modelling; smoothed particle hydrodynamics (SPH); fluid dynamics; large
intestine; colon; fluid–structure interactions; colonic drug delivery; tablet disintegration; drug release
profile; spatiotemporal concentration profile

1. Introduction

The number of people worldwide affected by colonic diseases such as inflammatory
bowel disease (IBD) (i.e., Crohn’s disease (CD) and ulcerative colitis (UC)) has steadily
increased from 3.7 million in 1990 to 6.8 million in 2017 [1]. Colon-specific drug delivery
has been the focus of numerous studies in recent years (e.g., [2,3]), as it offers opportunities
to improve the treatment of local diseases such as CD and UC while minimizing side effects
at the same time [4].

The oral route, due to its convenience, is the primary method of administration for
most medicines, including those that target the colon. Generally, the proximal colon is the
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targeted side for colonic drug delivery due to its more suitable environmental conditions
(i.e., water availability for drug dissolution, fluid viscosities, less variable transit times),
compared to the distal part of the colon [5–8]. Modified release (MR) dosage formulations
are usually coated with a protective layer that dissolves on its way (e.g., pH dependent)
to the colon so that the actual drug release takes place in the colonic environment [9].
To access the performance of a drug formulation, disintegration/dissolution tests are
commonly performed using United States Pharmacopeia (USP) apparatus to mimic in vitro
the complex in vivo process [10]. However, this simplified model does not replicate the
hydrodynamics and the in vivo shear stresses, evoked by wall motion, which act on the
MR formulation and influence the disintegration/dissolution process. Stamatopoulos
et al. [11] developed an anatomically accurate in vitro model, the Dynamic Colon Model
(DCM), where the hydrodynamics can be controlled using a hydraulic system and fluids
with different compositions can be used to better replicate the human adult colon. To
enable a more realistic environment compared with the USP and to support the data from
in vitro tests performed with the DCM or even replace experimental work, [12] developed
an in silico model which gives detailed insight into the hydrodynamics and mixing profiles
occurring in the colonic environment at different conditions. Currently, the release from an
MR formulation in vivo can only be visualised using Magnetic Resonance Imaging (MRI)
or scintigraphy which is costly, time-consuming and not practical for product development
and optimisation [13]. Moreover, the in silico models, including Physiologically Based
Pharmacokinetic (PBPK) platforms such as GastroPlusTM and Simcyp®, use simple first
order forward transit rate model. Thus, the colonic environment is considered as a single
well-mixed and homogenized compartment. Although, different transit times are used for
different entities (e.g., tablet, pellets, and fine particles), however, they are not related to the
motility, volumes and viscosity. Thus, a tablet will have a fixed transit time regardless of the
motility, volumes and viscosity changes in vivo. Any variation (i.e., coefficient of variance,
% CV) applied on the transit times is done just to reflect observed inter-subject variability.

However, this modelling strategy does not allow for intra-occasional and intra-subject
variability. This is because motility patterns are not constant in each subject and there
are limited in vivo studies that monitor motility and transit times of different entities at
the same time. Moreover, the released and/or dissolved drug particles in GastroPlusTM

and Simcyp® will be instantly and uniformly distributed throughout the colonic com-
partment which is in contradiction to findings from in vivo bioimaging studies. Further
compartmentalization of the colon (i.e., splitting a single in silico compartment to many
sub-compartments), will not provide a solution. In addition, shear stresses applied on the
dosage form and on released drug particles are not used by GastroPlusTM and Simcyp®.
Instead, average velocities derived from Computational Fluid Dynamics (CFD) analysis of
USP II are used. Thus, a non-biorelevant apparatus is used to describe in vivo hydrody-
namics. Furthermore, these average velocities are not linked to transit times or to motility
patterns. Thus, changes in transit times in these PBPK platforms does not mean changes in
the fluid velocities.

Finally, although PBPK models may contain complex algorithms to account for the
interconnection of the different organs/compartments, are simply first order models and
they cannot reproduce multiphysical phenomena such as the complex interplay between,
e.g., wall motion, fluid motion, fluid viscosity, particle-particle and particle-fluid interac-
tions. This is the reason why PBPK platforms cannot utilize either in vivo studies providing
motility patterns (i.e., wall motion) or pressure amplitudes and link all the components
affecting hydrodynamics, e.g., fluid volumes, fluid viscosity, transit times, direction of
fluid, and spatiotemporal distribution of, e.g., fluid velocities and shear forces according to
the intestinal wall motion. Thus, advanced modelling techniques are required to provide
an increase understanding of the behaviour of a dosage form in a complex and dynamically
changing in vivo environment. Therefore, in this work an in silico model that replicates,
both the in vivo colonic environment and the disintegration/dissolution process of a phar-
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maceutical formulation to provide the distribution of the released drug along the colon
would be beneficial for pharmaceutical development.

In this study, five motility patterns were chosen to replicate in vivo motility: three
different motility patterns identified in Stamatopoulos et al. [13] and Marciani et al. [14] plus
two additional motility patterns with data from [15,16]. The influence of these five motility
patterns on the disintegration/dissolution process of a solid dosage form (tablet) at different
fluid viscosities are analysed and compared. The motility patterns in Stamatopoulos
et al. [13] were derived from cine-MRI data of the cecum-ascending colon in healthy adult
humans [14]. Additionally, we analyse the performance of the motility patterns in terms of
the distribution of the dissolved drug along the colon at different fluid viscosities, providing
data for a spatiotemporal concentration profile.

Effective drug therapy relies on the active pharmaceutical agent (API) being released
from the solid oral dosage form and subsequently dissolving into the luminal fluid such that
it can act locally on the receptor or traverse the membrane for systemic uptake. This rate
of dissolution is a function of the formulation, the API and the conditions for dissolution.
Simulation of the tablet dissolution within the colonic model provides further insights as
a model that provides understanding of the in vivo performance of a drug formulation
enables feedback early in development such that the drug product and manufacturing
process can be optimised.

These new data also provide further information that can be used for the development
of future drug formulations, as the different motility patterns in the colonic environment
may have a crucial role in the disintegration/dissolution process of a solid dosage form.
For the simulations, we use an approach similar to Schütt et al. [12], further optimised to
replicate the haustra and with closed ends, so that the model is closer to real environmental
conditions. We also implement a solid dosage form that can disintegrate/dissolve in the
colonic fluid. The drug release/disintegration process of the tablet can be adapted to real
tablet data (drug release/disintegration behaviour) and thus a large variety of different
solid dosage forms can be replicated.

2. Methodology
2.1. Modelling Approach

The simulation technique used in this study is based on Discrete Multiphysics (DMP), a
modelling technique already successfully used in Alexiadis et al. [17–19], Ariane et al. [20–22],
Mohammed et al. [23] and Schütt et al. [12] to model human organs. DMP couples different
particle-based modelling techniques such as Smoothed Particle Hydrodynamics (SPH),
Lattice Spring Model (LSM), and the Discrete Element Method (DEM). The model in this
study only accounts for SPH and LSM and it is related to Schütt et al. [12]. Theoretical
background for DMP can be found in Alexiadis et al. [17,19], while for SPH and LSM it
may be found in Ref. [24] and Refs. [25–27] respectively. The dissolution of the tablet is
modelled according to the methodology in Rahmat et al. [28].

2.2. Colon-Model Geometry

Our 3D model represents an enlarged model of the human ascending colon (length
scale 3:1, diameter 1:1). We developed five models that differ only in their operating
conditions relating to the motility pattern and the number of sections (haustra) used. In
all cases, the geometry of the model is the same: a cylindrical body with a total length
of 6.0 × 10−1 m and an inner diameter of 4.0 × 10−2 m. All models are built with closed
ends, which means that the fluid cannot exit the tube and back pressure is created when
the fluid flow reaches the end. This mimics the presence of the hepatic flexure which is a
sharp bend between the ascending and the transverse colon. In vivo studies observed that
in the proximal colon, the majority of the waves only propagate over a short distance and
commonly stop before the hepatic flexure, resulting in backflow/back pressure [29,30]. The
model is divided into sections of equal size representing the colon’s haustra (Figure 1a).
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To simulate the conditions reported in [13] the number of sections differs from model
to model.

There are a wide range of tablets of different sizes and shapes on the market, for
the sake of simplicity, in this study, the geometry of the tablet is set as a cylinder with a
diameter of 1.0 × 10−2 m and a height of 5.0 × 10−3 m (Figure 1b). For more details on the
modelling of the tablet, see Section 2.3.4.
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Figure 1. (a) Section of the flexible membrane, showing the colon’s haustra and the intestinal fluid inside the colon. The
membrane is built of particles which are connected by a network of springs to achieve a flexible behaviour. (b) 3D sketch of
the tablet. The particles representing the tablet are connected by linear and diagonal springs to obtain a solid behaviour.

In the model, SPH is used for the fluid and LSM for the elastic membrane and the
solid tablet. During the tablet dissolution process, fluid diffuses into the tablet. If the
concentration of the computational particles representing the tablet is below a certain
threshold, the particle detaches from the tablet. In this case (as discussed in more detail in
Section 2.3.4.), the status of the particle switches from solid to liquid, i.e., from LSM to SPH.

In Figure 1a, a schematic sketch of the model, including the membrane, the colon
haustra and the fluid inside the colon, is shown.

2.3. Colon-Model Geometry
2.3.1. Membrane

The membrane is modelled similarly to [12] by 2500 LSM particles tethered to their
initial position with a Hookean spring (Figure 2a).

An additional Hookean force is applied between the adjacent particles as shown in
Figure 1a. The corresponding forces are calculated using Hooke’s law:

Fij = k
(
rij − r0

)
, (1)

where Fij is the existing spring force between particle i and j, k is the Hookean constant,
r0 is the equilibrium distance between particle i and j and rij is the current distance. The
membrane is composed of 100 rings of 25 particles each. One ring represents one circular
muscle fibre of the colon, which can be activated independently to mimic a colonic motor
pattern (Figure 2b).
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Figure 2. (a) 2D representation of the membrane particle anchored by a spring in equilibrium position and after the
application of a radial force. (b) Illustration the particles representing the colon’s membrane including its characteristic
haustra, before and after applying an individual radial force to each ring (‘circular muscle’).

For activation, we use a radial force applied to the particles of a specific haustra to
cause contraction or relaxation. Further details of the membrane are shown in Table 1.

Table 1. Model parameter of the Membrane.

Parameter Membrane Value

SPH
Number of SPH particles (1 layer) 2500
Mass of each particle mM,0 3.89 × 10−4 kg

LSM
Hookean coefficient (bonds) kM,b 0.2 J m−2

Hookean coefficient (position anchor) kM,p 0.012 J m−2

Viscous damping coefficient kM,v 1.0 × 10−2 kg s−1

Equilibrium distance rM,0 6.28 × 10−3 m

2.3.2. Fluid

All models account for the same level of luminal content modelled with 25,758 SPH
particles. The amount of fluid is taken from the study of Badley et al. [31] that used
scintigraphy to measure the fluid volume in the ascending colon. The average value is
162 mL, with single values ranging from 82 to 303 mL. This corresponds to a filling level of
about 40% in the ascending colon [32], which is used in the simulations. In reality, different
motility patterns are triggered by different filling levels [14]. However, we fixed the value
of 40% for all models to assess the drug release rate of the tablet under different motility
patterns for the same level conditions. Resolution analysis (i.e., number of computational
particles used to discretize the system) can be found in [12].

2.3.3. Fluid-Structure and Global Boundary Conditions

The SPH equations of motion result from the discrete approximations of the Navier–
Stokes equation at a set of points. This set of points results from the discretization of the
continuum domain and can be thought of as particles. The particles are characterized
particles by their mass, velocity, pressure and density. SPH is based on the mathemati-
cal identity:

f (r) =
y

f
(
r′
)
δ
(
r− r′

)
dr
′

, (2)

where f (r) is any scalar function defined over the volume V and the vector r is a three-
dimensional point in V. δ(r) is the three-dimensional delta function which is approximated
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in the SPH formulations by a smoothing kernel W with a characteristic width or smoothing
length h:

lim
h→0

W(r, h) = δ(r) (3)

In the literature, there are several kernel functions available. In this study, we use
the Lucy kernel function [33]. By replacing the delta function by a kernel or smoothing
function W, the approximation to the function f (r) results in

f (r) ≈
y

f (r
′
)W(r− r

′
, h)dr

′
. (4)

By discretising over a series of particles of mass m = ρ(r
′
)dr′, the identity equation

results in
f (r) ≈∑

i

mi
ρi

f (ri)W(r− ri, h) , (5)

where mi and ρi are the mass and density of the ith particle, respectively, and i ranges over
all particles within the smoothing kernel W (i.e., |r− ri| < h). The discrete approximation
of a generic continuous field is represented by Equation (5) and can be used to approximate
the Navier–Stokes equation

mi
dvi
dt

= ∑
j

mimj

(
Pi

ρ2
i
+

Pj

ρ2
j
+ ∏i,j

)
∇jWi,j + fi , (6)

where vi is the velocity of particle i, P is the pressure, Wi,j is the concise form of W(rj–ri, h),
the term ∇j is the gradient of the kernel with respect to the coordinate rj, fi a volumetric
body force, and Πi,j denotes the viscous forces. There are various expressions for the tensor
Πi,j available in the literature; here we use [34]

Πij = −αh
c0

ρij

vij rij

ρ2
ij + b h2

, (7)

where ρij is the density and vij the relative velocity of particle i and j, respectively. α is
a dimensionless factor to control the dissipation strength to obtain a stable simulation
and h is the smoothing length. The constant b is introduced and used with b ≈ 0.01 to
avoid unstable simulations. This is particularly the case with compact particles whose
distance between each other is very small. The artificial viscosity can be recognized as an
effective kinematic viscosity ν. Depending on the desired effective kinematic viscosity in
the simulation, the value of α is chosen accordingly [35]:

ν =
α h c
10

(8)

The viscosities chosen in this study are consistent to those already used elsewhere [11].
To calculate the pressure forces between the fluid particles and fulfil Equation (6), the

Tait equation is used to link the density ρ and the pressure P

P =
c0

2 ρ0

7

[(
ρ

ρ0

)7
− 1

]
, (9)

where c0 is the reference speed of sound and ρ0 the reference density at zero applied stress.
Further details of the fluid properties are shown in Table 2.

The solid-fluid interaction is modelled with a soft repulsive potential for the following
purposes: to avoid compenetration among the computational solid-fluid particles (i.e.,
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membrane and tablet), to keep the fluid inside the colon and to keep fluid particles out of
the solid tablet. The type of soft potential has the following form:

Eij = A
[

1 + cos
(

π rij

rc

)]
with rij < rc (10)

Here, rij represents the distance between particle i and j, rc is the cut-off distance and
A is an energy constant. The no-slip boundary conditions between the solid and fluid
particles are approximated by viscous forces as shown in Equation (7).

Table 2. Model parameter of the Fluid.

SPH Parameter Fluid Value

Number of SPH fluid particles 25,758
Mass of each particle mF,low viscosity 1.19 × 10−5 kg
Mass of each particle mF,medium viscosity 1.21 × 10−5 kg
Mass of each particle mF,high viscosity 1.22 × 10−5 kg
Density (fluid) ρF,low viscosity 1000 kg m−3

Density (fluid) ρF,medium viscosity 1017 kg m−3

Density (fluid) ρF,high viscosity 1020 kg m−3

Dynamic viscosity (fluid) ηL,low viscosity 1 mPa s
Dynamic viscosity (fluid) ηL,medium viscosity 13 mPa s
Dynamic viscosity (fluid) ηL,high viscosity 98 mPa s

2.3.4. Tablet and Tablet Disintegration

In our model, the tablet is composed of 445 particles and is modelled as naturally
buoyant. To model the dissolution and disintegration of the tablet, a specific concentration
is set for each particle of the tablet, which represents the concentration of the Active Phar-
maceutical Ingredient (API) in the tablet. Tablet dissolution is achieved by mass diffusion
between the fluid and the tablet particles and between the tablet particles themselves. The
diffusive mass balance for multicomponent systems can be written in the SPH framework
in the following form [17]:

dwi
dt

= −∑
j

mimj

ρiρj

(
Di + Dj

)(
Ci − Cj

)
r2

i,j
ri,j·∇jWi,j , (11)

where, wi is the mass of the fluid in the particle, Di is the diffusion coefficient and Ci is the
concentration which is associated with each particle i. To close Equation (11), mi, Ci and ρi
can be linked according to the following relation [17]:

wi = Ci
mi
ρi

(12)

A typical ingredient used in colonic formulations is mesalazine [36,37]. Its diffusion
coefficient is estimated to be 7.46 × 10−10 m2s−1, determined in an aqueous solution
containing triprotic buffer [38], which is very small and requires very long computational
times (10 h of real-time, i.e., approx. 10 days of computational time) for observing the
complete disintegration of the tablet in the simulation. To reduce the computational time,
we initially use a value 10 times higher which only take one hour of real-time (2 days
of computational time) for disintegrating the tablet. For more details on the computer
architecture used, see Section 2.6.

The solubility of commercially available mesalazine formulations, depending on the
pH value, were determined to be 1.2–5.5 mg/mL [10]. This corresponds to a solubility of
50–100% under simulation conditions. Accordingly, the dissolution and disintegration of
the tablet are modelled as follows: if the concentration, of at least one of two neighbouring
tablet particles falls below CB = 30% (i.e., 70% dissolved), the bond between these particles is
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removed, weakening locally the structure of the tablet. When a computational particle has
no bonds with any other particle of the tablet, the particle detaches completely simulating
the disintegration of the tablet. Finally, when the concentration of the active ingredient in
the tablet is below its solubility concentration CS (defined as 25%, i.e., 75% dissolved), we
change the type of the particle from LSM to SPH. For the parameter CB and CS, we use
generic values as a reference to show the potential of the model. The actual numbers will
depend on the physicochemical and mechanical properties of the tablet (i.e., the material
used, but also how the tablet is compacted). The values for CB and CS should be derived
from real data/observations. From the theoretical point of view, the values used for CB
and CS (i.e., CB > CS), provide to the tablet the option to disintegrate (i.e., break into pieces)
before it dissolves into the fluid.

In the model, the fluid and the tablet were discretised differently (i.e., different resolu-
tion), so that the initial particle distance between the fluid particles and the tablet particles
is different. Therefore, a different ‘momentum’ smoothing length is used between the fluid
particles and the tablet particles. The ‘diffusion’ smoothing length between the fluid and
tablet particles is obtained from a weighted smoothing length based on the smoothing
length of the fluid particles and the tablet particles. Further details of the general model
parameter and specific model properties are given in Tables 1–4.

Table 3. Fundamental model parameter.

Parameter Value

SPH
Artificial speed of sound c0 0.1 m s−1

Time-step ∆t 5.0 × 10−4 s
Smoothing length membrane h 9.42 × 10−3 m
Momentum–Smoothing length (fluid) hM,F 4.71 × 10−3 m
Momentum–Smoothing length (tablet) hM,T 1.41 × 10−3 m
Momentum–Smoothing length (fluid/tablet) hM,F/T 4.71 × 10−3 m
Diffusion–Smoothing length (fluid/tablet) hD,F/T 3.35 × 10−3 m
Diffusion–Smoothing length (fluid) hD,F 4.71 × 10−3 m
Diffusion–Smoothing length (tablet) hD,T 1.41 × 10−3 m
Diffusion coefficient (tablet) DT 1.0 × 10−30 m2s−1

Diffusion coefficient (fluid/tablet) DF/T 7.46 × 10−9 m2s−1

Table 4. Model parameter of the Tablet.

Parameter Tablet Value

SPH
Number of SPH tablet particles 445
Mass of each particle mT,low viscosity 8.82 × 10−7 kg
Mass of each particle mT,medium viscosity 8.97 × 10−7 kg
Mass of each particle mT, high viscosity 9.00 × 10−7 kg
Density (Tablet) ρT,low viscosity 1000 kg m−3

Density (Tablet) ρT,medium viscosity 1017 kg m−3

Density (Tablet) ρT,high viscosity 1020 kg m−3

LSM
Hookean coefficient kT,b 0.2 J m−2

Equilibrium distance (linear bonds) rTL,0 0.012 J m−2

Equilibrium distance (diagonal bonds) rTD,0 6.28 × 10−3 m

Figure 3 illustrates an example of the filled colon model, in which a tablet disintegrates
and dissolves in the fluid at three different consecutive times t.
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in the intestinal fluid. In the particle representation the shear stress acting on the tablet, and the API concentration in the
surrounding of the tablet, i.e., in the fluid is shown.

The model is represented both in a ‘continuum representation’ and in a ‘particle
representation’. The API concentration in the fluid and the tablet are shown in the particle
presentation. By diffusion and advection, the API decreases in the tablet and increases
in the fluid. The shear stresses present contribute to the tablet breakage into pieces (i.e.,
disintegration).

Due to the different contractions caused by the motility pattern, the tablet is moved
back and forth (see Supplementary Materials Videos S1 and S2) and gradually releases drug
particles that dissolve further in the fluid. The mechanism of the disintegration of the tablet
presented in this study can be compared to an extended-release (ER) tablet whose coating
disintegrates in the upper gastrointestinal and small intestinal environment. When it enters
the colon, the ER tablet then behaves similar to an IR tablet and dissolves/disintegrates
immediately in the colonic fluid.

Details on the simulation parameter are presented in Table 3. We are aware that under
real-world conditions the tablet would not consist of 100% drug, but here the focus is on the
different motility pattern and not on the tablet itself. It is also assumed that the tablet/drug
is readily soluble and thus the drug release rate is equal to the dissolution rate.

2.4. Model Motility Patterns

The motility patterns used in this study are developed from the data produced
by [14,39] and analysed in Stamatopoulos et al. [13]. Three different motility patterns
at different conditions are considered: baseline (fasted state), stimulated with polyethylene
glycol (PEG) electrolyte and stimulated with maltose. The motility patterns differ, for
example, in the duration and direction of single contraction waves as well in the frequency
of individual contractions. Besides those reported in [13], two additional models are de-
veloped to study how much the colonic activity affects the dissolution of the modelled
tablet. We use data from [16] to establish a comparison pattern according to the ‘Stimulant
PEG’ and the ‘Stimulant Maltose’ patterns, and data from [15] to develop a cyclic propagat-
ing pressure wave (CPPW), which is the most frequently motor pattern identified in the
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colon [15]. The motility patterns consist of different actions: a single contraction, antegrade
waves and retrograde waves or a combination of these single actions.

To describe the colonic activity within a specific time interval tiv,0 (e.g., predefined
from the total number of available MRI images/analysed time) by a measurable value,
Marciani et al. [14] introduced the so-called Motility Index (MI). A high MI value means
high colonic activity, a low MI value means, respectively, low activity. The unit of MI is
‘segments × s’.

MI =
n

∑
k=1

(
tiv·Noseg

)
k, with n =

tiv,0

tiv
(13)

Here, tiv is the considered time interval within the total interval tiv,0 and Noseg is
the number of segments showing activity during the time interval tiv. For example, if a
Motility Index should be determined for a period of 120 s and the analysed time interval
is 20 s, n will be equal to 6. Is the colon divided into 4 equally sized segments and only 3
segments show activity in the first time interval, 2 in the second time interval, 4 in the third
interval and no activity is recorded during the time intervals 4–6, the Motility Index is thus
calculated as follows:

MI = (20 · 3) + (20 · 2) + (20 · 4) = 140 segments× s

As mentioned above, the number of sections (haustra) varies from model to model,
depending on the data available in [13]. Thus, a direct comparison only based on the
determined MI is not possible. For this reason, we have introduced an additional Specific
Motility Index (SMI), which also takes the existing number of sections (haustra) into account
and makes all models comparable.

SMI =
∑n

k=1
(
tiv·Noseg

)
k

Noseg,total
, with n =

tiv,0

tiv
(14)

Here, Noseg,total is the total number of sections (haustra) in the specific model. Thus, the
result is a value describing the colonic activity per section (haustra).

The data represented in Stamatopoulos et al. [13] are related to a period of two minutes.
On this basis, we modelled the different motility patterns for the simulation. The differences
between the individual motility patterns are presented in Figure 4a–e. The figure shows
the different actions that occur, the duration of each action and the sections that are affected
by the action.

For the simulations, these two-minute datasets are repeated accordingly until the
desired simulation time is reached (i.e., 5 repetitions for 10 min simulation time). Further
details of the motility patterns are provided in Table 5.

The occlusion degree OD, as shown in Figure 5 is defined by relating the initial cross-
sectional area of the colon, AR to the cross-sectional area of the colon after contraction, AC
(Equation (15)).

OD [%] =

(
1− AC

AR

)
·100 (15)

At the beginning of the simulation, the tablet is placed in the same initial position in
all models (Figure 6). Here, the antegrade direction is from right to left.
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Figure 4. Illustration of the different motility pattern, where (a) is the Baseline, (b) the Stimulant
PEG, (c) the Stimulant Maltose, (d) the Comparison pattern and (e) the CPPW motility pattern. Here,
the x-axis represents the time and duration of the actions taking place and the y-axis the colon section
(haustra) addressed. The different actions are indicated by different hatches.

Table 5. Model parameter motility patterns.

Parameter Baseline PEG Maltose Comparison CPPW

No. of sections 9 7 6 7 7
Motility index [segment × s] 140 460 380 300 280

Specific motility index
[segment × s × stotal

−1] 16 66 63 43 40

Occlusion velocity ‘wave’ [cm/s] 0.1 2.3 2.3 0.8 0.1
Occlusion velocity ‘single contraction’ [cm/s] 0.1 0.1 0.1 0.25 -

Wave travel velocity [cm/s] 0.9 2.5 2.5 0.85 1.0
Occlusion degree OD [%]

Single contraction 1 25 60 60 30 -
Single contraction 2 25 60 60 50 -
Single contraction 3 25 60 60 60 -
Single contraction 4 25 60 60 40 -
Single contraction 5 - - - 50 -
Single contraction 6 - - - 30 -
Antegrade wave 1 20 75 75 40 -
Antegrade wave 2 - 55 55 55 40
Antegrade wave 3 - 40 40 75 -
Antegrade wave 4 - - - 40 -
Retrograde wave 1 - 75 75 40 -
Retrograde wave 2 - 40 40 75 -
Retrograde wave 3 - - - 40 -
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2.5. Method of Analysis

While the previous section introduced several parameters for characterising the motil-
ity patterns (Table 5), this section discusses the parameters used to analyse the numerical
results: a measure of the stress on the tablet and the cumulative drug release.

The action of the stresses on the tablet is a crucial factor affecting tablet disintegration.
To condensate all the information of the stress tensor in one single parameter, we use the
Frobenius norm:

||σ||F =

√√√√ 3

∑
i=1

3

∑
j=1

∣∣σij
∣∣2, (16)

where the components σij define the local stress on the xi, xj plane.
The cumulative drug release (CDR) of the tablet (Figures 7–9 and 13) is calculated

according to Equation (17)

CDR [−] = 1− ∑ ci,t

∑ c0
, (17)

where c0 is the initial tablet particle concentration and ci,t is the actual concentration of each
tablet particle i at time t.

The shear stress acting on the tablet (Figures 7–9 and 13) is calculated according to
Equation (18)

SST [Pa] =
∑ si,t

NoP,t
, (18)

where, si,t is the shear stress acting on each tablet particle i and NoP,t is the actual number
of tablet particles at time t.

For the comparison of the different drug release profiles (Figures 7–9 and 13) the two
factor (f1 and f2) analysis is used [40]. Factor f1 is the difference factor in percent, describing
the difference (relative error) of two curves at a time point t. Factor f2 is the similarity factor
describing the similarity in the percent drug release between two drug release curves:

f1 =
∑t=n

t=1 |Rt − Tt|
∑t=n

t=1 Rt
× 100, (19)
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f2 = 50× log

 100√
1 + ∑t=n

t=1 (Rt−Tt)
2

n

, (20)

where Rt is the drug release for reference formulation at time t, Tt is the drug release for
comparison formulation at time t and n the number of time points. Values for f1 close to
zero (0–15) and f2 greater than 50 (50–100) characterise the equivalence of the compared
drug release profiles [41,42].

To access the disintegration degree or disintegration time in the case of the complete
dissolution of the tablet, the following method is used: Throughout the simulation, the
concentration of each tablet particle is tracked. As described in Sections 2.2 and 2.3.4,
each tablet particle is bonded to its neighbour particle until the concentration of one of
the neighbouring particles is fallen below a certain threshold concentration and the bond
breaks. As soon as no particle with a higher concentration than the threshold concentration
is present, then the tablet is completely disintegrated. In the case that the tablet has not
completely disintegrated, the degree of disintegration is calculated at t = 60 min according
to the following equation:

φ[%] =

(
1−

NoT,th

NoT,in

)
·100, (21)

where NoT,th is the number of tablet particles with a concentration higher than the threshold
concentration and NoT,in is the number of initial tablet particles.

The concentration of each tablet particle is tracked throughout the simulation. To
assess the performance of each motility pattern on the API distribution along the colon
(Figures 10–12), we analyse and compare the concentration distribution only of the dis-
solved API at the corresponding time because only this part is available for absorption.
The dimensionless concentration ζ in Figures 10–12 is calculated according to the follow-
ing equation:

ζ [−] =
(

cs

∑ cs

)
, (22)

where s is the section number and cs is the total drug concentration in section s.
The dimensionless time τ (Figure 13) is defined according to the following Equa-

tion (23)

τ [−] = t
t0

, (23)

where t0 is the total simulated time and t is the actual time. For the high diffusion data in
Figure 13, t0 = 60 min and for the low diffusion data is t0 = 600 min. The reason why we
can use a reference time t0 in the definition of τ is explained in Appendix A.

2.6. Software

In this study, the simulations were performed using the University of Birmingham
BlueBEAR HPC service [43], running the simulations on fifteen cores with 60 GB of memory.
The open-source code LAMMPS [44,45] is used for the numerical calculations, the open-
source code OVITO [46] for the visualisation and MATLAB [47,48] for the postprocessing
of the simulation data.

3. Results and Discussion
3.1. Comparison of Different Motility Pattern on the Drug Release/Disintegration of the Tablet at
Different Fluid Viscosities

To assess the influence of the fluid viscosity on the drug release of a tablet in the colon
environment, we performed all simulations at three different fluid viscosities: low viscosity
(ηL = 1 mPa s), moderate viscosity (ηL = 13 mPa s) and high viscosity (ηL = 98 mPa s). In all
three cases, the dissolution process of the tablet, driven by pure diffusion, is represented by
a so-called ‘Static’ model. In this model, the membrane does not move at all. Accordingly,
no momentum is generated that moves the fluid.
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At low fluid viscosity conditions (Figure 7), after a certain time, all motility patterns
cause the fluid to move in the colon.
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Figure 7. Comparison of the drug release profile of the different models at low fluid viscosity conditions as well as the
comparison of the shear stress/shear rate acting on the tablet.

Until t = 18 min, in all models, the drug release of the tablet is driven almost by pure
diffusion as the drug release profile has the same progression as the ‘Static’ model. The
slope of the ‘CPPW’ model is not as steep as in the other models since the tablet is pushed
to the surface and, thus, is not in complete contact with the fluid. From t = 18 min on,
the shear stress becomes a significant factor. In all models, the momentum caused by the
different motility pattern is strong enough to set the fluid in motion. Even though the
average shear stress does not differ significantly from model to model (see legend Figure 7),
recurring shear stress peaks enhanced drug release. Additionally, small fluid motions, such
as those that occur in the ‘Baseline’ model, lead to somewhat higher advection-induced
mass transfer and thus to a higher release rate of the tablet compared to the ‘Static’ model.
In a low viscous fluid environment, a complete dissolution of a tablet is only achieved, in
the case of the ‘Stimulant PEG’, ‘Stimulant Maltose’ motility pattern. Figure 7 shows how
the shear stress acting on the tablet increases with time as the wall motion transfers more
and more momentum to the fluid. In the case of the ‘Comparison’ pattern, the tablet is
pushed back and forth until t = 15 min, where the tablet is pushed to the end next to the
initial position of the tablet, where the tablet remains until the end of the simulation. Here,
the tablet does not receive significant momentum from the contractions, but some fluid
still flows around it which leads to an increased advection-induced mass transfer and thus
to a higher drug release. The sparse shear stress peaks in the ‘CPPW’ model are observed
because only one wave is travelling from one end of the colon to the other, and always in
one direction. Thus, at low fluid viscosity condition, the momentum induced by the wave
reaches the tablet only occasionally.
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When comparing the three different motility patterns found in [13,14,39], at low
fluid viscosity conditions, it can be seen from Figure 7 that the drug release profile of the
‘Stimulant PEG’ and ‘Stimulant Maltose’ model do not show significant differences (i.e.,
f1 = 12.0%, f2 = 57.7%). The drug release rate of the ‘Stimulant PEG’ model is somewhat
higher than the ‘Stimulant Maltose’ model where the drug is completely released from the
tablet at t = 54 min and t = 59 min, respectively. The release rate in the ‘Baseline’ model is
much smaller than in the other two models and does not deviate much from the ‘Static’
model (i.e., f1 = 1.6%, f2 = 93.9%).

At higher viscosities (Figure 8) the fluctuations of the shear stress decrease and the
drug release profiles become similar (i.e., PEG—Maltose: f1 = 2.5%, f2 = 87.9%; PEG—
CPPW: f1 = 6.2%, f2 = 68.5%; Maltose—CPPW: f1 = 6.8%, f2 = 69.5%; Static—Baseline:
f1 = 1.3%, f2 = 97.8%).
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Figure 8. Comparison of the drug release profile of the different models at medium fluid viscosity conditions as well as the
comparison of the shear stress/shear rate acting on the tablet.

The most pronounced effect is in the ‘Comparison’ model where the drug release of the
tablet decreases significantly compared to the low viscosity model. Only the momentum
generated from the motility patterns of the models ‘Stimulant PEG’, ‘Stimulant Maltose’
and ‘CPPW’ are strong enough to agitate the fluid sufficiently with regard to an increased
advection and thus accelerated drug release rate. In all three models, the increased drug
release rate leads to complete disintegration of the tablet within the simulation time
(t = 54 min). The most significant effect can be seen in the case of the ‘CPPW’. At higher
viscosity, the tablet is not pushed to the surface of the fluid and remains in the fluid for the
majority of the time (see Supplementary Materials Videos S3 and S4).

The comparison of the ‘Stimulant PEG’, ‘Stimulant Maltose’ and ‘Baseline’ cases at
moderate fluid viscosities shows that the ‘Stimulant PEG’ and ‘Stimulant Maltose’ model
has almost the same drug release profile. In both models, the drug of the tablet is completely
released at t = 48 min. Since in the ‘Baseline’ model the impulse induced by the contraction
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is not sufficient to move the fluid, the drug release profile shows the same progression as
the ‘Static’ model.

In the case of the highest fluid viscosity used in this study (Figure 9), the motility
pattern of the ‘CPPW’ model is the only pattern capable of agitating the fluid at a high
level, generating sufficient shear stress to promote the drug release process and lead to
almost complete drug release of the tablet.
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Figure 9. Comparison of the drug release profile of the different models at high fluid viscosity conditions as well as the
comparison of the shear stress/shear rate acting on the tablet.

The contractions performed in the ‘Baseline’ model do not influence the drug release
process. The impulse they generate is too weak to induce any influential fluid motion. At
high viscosity conditions, the motility patterns in the ‘Stimulant PEG’, ‘Stimulant Maltose’
and ‘Comparison’ models result in almost the same drug release profile (i.e., Comparison—
PEG: f1 = 3.1%, f2 = 89.1%; Comparison—Maltose: f1 = 2.0%, f2 = 95.1%; PEG—Maltose: f1
= 1.1%, f2 = 97.5%), even though they show partly different drug release profiles at lower
viscosities.

The average shear stresses for each model and each viscosity are given in Figures 7–9.
Across all models and viscosities, we found 120 Pa for the maximum local shear stress
acting on the surface of the tablet. These values correspond very well with the shear
stresses found in other studies, even though they focused on the stomach [49,50].

The shear rates acting on the tablet fluctuate sharply between 100 and 2170 s−1 at low
fluid viscosity, between 18 and 70 s−1 at medium viscosity and between 5.5 and 18 s−1 at
high fluid viscosity. In the USP II, the shear rates are constant for a given location in the
vessel and increase proportionally to the paddle speed [51]. The shear rates found in the
USP II at fluid conditions comparable to the ‘low viscosity model’ are in the range of 5 s−1

at 25 rpm and 250 s−1 at 200 rpm paddle speed [51–54]. The linear shear rate profile of the
USP II is not characteristic of the colonic environment, where the motility pattern evokes
sharp shear rate spikes that significantly affect the dissolution/disintegration process.
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Especially at low fluid viscosity, the hydrodynamic parameters (i.e., shear rate and fluid
velocity) enhance the dissolution/disintegration rate.

In addition to the dissolution profile, the degree of disintegration or the disintegration
time for the complete disintegration of the solid dosage form (tablet) are also important
parameters influencing the drug release rate. The corresponding results of all motility
patterns/models and all fluid viscosities are summarised in Table 6.

Table 6. Disintegration degree or disintegration time of the solid dosage form (tablet) for all mod-
els/motility patterns at different fluid viscosities: % = degree of tablet disintegration φ at t = 60 min
in %; min = time in minutes until complete tablet disintegration.

Model/Motility Pattern Low Viscosity Medium Viscosity High Viscosity

Static 15% 0% 0%
Baseline 16% 0% 0%
PEG 54.3 min 45.6 min 16%
Maltose 58.4 min 46.1 min 13%
Comparison 81% 47% 33%
CPPW 93% 53.7 min 57.8 min

3.2. Comparison of the API Distribution along the Colon

Standard dissolution/drug release profiles, as commonly performed to access the
properties of a solid dosage form, do not give any valuable information about the concen-
tration gradient of the API along the colon. This information is important to determine the
efficacy of the API in terms of drug absorption. To gain more insight into the concentration
gradient along the colon, we divided the colon into six equal sections to see how the API
concentration is distributed over time. Here, section one includes the initial position of
the tablet and section six is at the end of the colon. The comparison and analysis of the
concentration in each section and model are carried out at four different time points and
the three different fluid viscosities: low viscosity, medium viscosity and high velocity.

At low fluid viscosity (Figure 10) the models: ‘Stimulant PEG’, ‘Stimulant Maltose’,
‘Comparison’ and the ‘CPPW’ model can distribute the API completely along the whole
colon at t = 60 min, but only the ‘Stimulant PEG’, ‘Stimulant Maltose’ and ‘CPPW’ models
show a very uniform API distribution.

These are also the models which achieved the highest drug release from the tablet
(Figure 7). The ‘Comparison’ model is not as effective as the other three models in terms of
API distribution, which means that in this model only a small part of the API reaches the
last section at the end of the colon.

Since the wave in the ‘CPPW’ model only propagates in one direction (antegrade), the
tablet is pushed to the end of the colon and dissolves there. Thus, the highest concentration
in the course of the simulation (e.g., t = 30 min) is found at the end of the model. A backflow
caused by the wave prevents the accumulation of the API at the end of the colon.

The ‘Baseline’ model is only able to transfer parts of the dissolved API into the sections
one to four whereby the largest amount of dissolved API remains in the first segment.

At medium fluid viscosity conditions (Figure 11), at t = 60 min, only the ‘Stimulant
PEG’, ‘Stimulant Maltose’ and ‘CPPW’ models distribute a notable portion of API along
the entire colon.
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In terms of uniform distribution of API across all segments, only the ‘Stimulant
PEG’ and ‘Stimulant Maltose’ model show good results. As already seen at low viscosity
conditions, in the ‘CPPW’ model the tablet is captured by the wave and pushed to the end
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of the colon where it dissolves. As the reflux is less pronounced at higher fluid viscosity
conditions, at t = 60 min, the API accumulates in the last three sections of the colon.
Nevertheless, the reflux generated in this model influences the mixing of the intestinal
contents. By extending the simulation time, the reflux would very likely lead to an even
API distribution along the colon. At the end of the simulation time, the ‘Comparison’ model
is capable to distribute a notable amount of dissolved API across the first four segments,
whereas the largest fraction remains in the first segment. The ‘Baseline’ model is not even
capable to move a fraction of the dissolved API in the neighbouring segment.

In the case of high fluid viscosity conditions (Figure 12), only the motility pattern of
the ‘CPPW’ model can distribute a significant amount of dissolved API across all segments.Pharmaceutics 2021, 13, x  20 of 27 
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As expected, the motility pattern of the ‘Baseline’ model does not distribute the
dissolved API. The ‘Comparison’ model moves some dissolved API in segment two to
four, but a notable amount is only found in segments one to three. The ‘Stimulant Maltose’
model is comparable with the ‘Comparison’ model with the small difference that the
‘Stimulant Maltose’ model also distributes a very small amount of API into segments five
and six. The relative amount of API in sections one to three is in both models almost the
same. The ‘Stimulant PEG’ model can move a significant amount of dissolved API into the
second segment and still a small but noteworthy amount into the third and fourth segment.
The API amount in segment five and six is very small, but still, a very small amount reaches
these segments.

The results show that the effectiveness of the motility pattern in terms of API distribu-
tion along the colon is highly dependent on the viscosity of the intestinal content. Contrary
to the assumption that the motility pattern with the highest average shear stress automat-
ically indicate the fastest drug release rate, the motility pattern that provokes frequent
single shear stress peaks seem to be more effective in achieving a higher drug release rate.
Another important parameter in terms of tablet drug release is the position of the tablet and
the motility pattern itself. To achieve a faster tablet drug release compared to pure diffusion
(‘Static’ model), the tablet must be in a region in which it can be caught by the motility
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pattern. When we compare the three different motility patterns found in [13,14,39] in
terms of their performance in drug release and drug distribution, the parameters described
above play a crucial role. The motility pattern shows different performances in terms of
tablet drug release and also in terms of the distribution of the dissolved drug. The motility
pattern of the ‘Baseline’ model is extensively ineffective compared to the other two motility
pattern found. The motility patterns of the ‘Stimulant PEG’ and ‘Stimulant Maltose’, on the
other hand, show very similar performances in terms of tablet drug release. The motility
pattern ‘Stimulant PEG’ seems to be marginally more efficient in terms of drug distribution
along the colon at higher viscosities.

The ‘Baseline’ motility pattern is the most predominant environment in a healthy
human. As shown in the results, at higher fluid viscosities, the ‘Baseline’ motility pattern
is not able to induce any influential fluid motion that would significantly affect the dis-
integration/drug release process. This biorelevant knowledge cannot be easily assessed
with compendial disintegration/dissolution apparatuses which makes the in silico model
valuable. From the results, it can deduce that care should be taken for the formulation
design to mitigate prolong and/or partial disintegration/drug release.

3.3. Influence of the Diffusion Coefficient on the Drug Release from Tablet

As mentioned above, the required computational time is significantly higher when a
lower diffusion coefficient is used, and complete drug release of the tablet is aimed for—at
least for some motility patterns. Additionally, the tablet should dissolve in about one hour,
which is not achievable with a low diffusion coefficient.

To estimate the impact of diffusion coefficients that differs by one order of magnitude
on the drug release process in the models used in this study, we performed a dimensional
analysis of the system and additionally ran simulations of each model for 10 days, regard-
less of how much time can be simulated in that period—this also varies from model to
model. For this reason, the drug release profiles/results represented in Figure 13 may not
show results for the entire time axis.

However, the target simulation time was 10 h (i.e., also one order of magnitude higher
than in the case of high diffusion coefficient used). Results from the dimensional analysis
confirm that it is possible to compare disintegration/dissolution profiles between different
diffusion coefficients by proportionally rescaling time. Further detail of the analysis can be
found in Appendix A. From the dimensional analysis, it can be obtained that the differences
of the curves shown in Figure 13 are resulting from the fluid dynamics in the colon as the
diffusion coefficient and time are scaled proportionally.

The different models (motility pattern) and different diffusion coefficients are com-
pared based on dimensionless time (Equation (22)).

In the simplest case, which is the ‘Static’ model, the drug release profiles coincide at
medium and high fluid viscosities very well, which should be the case as the diffusion and
time are proportional. In the case of low fluid viscosity, the drug release profiles are slightly
different but show almost parallel curves. In this case, even if there is no fluid movement,
the tablet can move very slightly, especially when it releases drug particles and the size
of the tablet changes. These very small movements can result in a very small amount of
advection in addition to diffusion and cause the difference in drug release profiles. As
soon as a fluid motion occurs, introduced by the different motility pattern, the driving
parameter in terms of drug release is very much dependent on the position of the tablet
and on how the accelerated fluid can reach the tablet. At low fluid viscosity conditions, the
tablet tends to be pushed to the surface of the fluid which slows down the drug release rate
and consequently the dissolution rate. This phenomenon can especially be recognised in
the ‘Comparison’ model, where a higher drug release can be achieved at higher diffusion
coefficient conditions. In the case of a lower diffusion coefficient but longer simulation
time, the worst case with regard to drug release has occurred. The tablet is pushed to the
surface of the fluid and additionally into a region where the fluid circulation is quite low.
Even the fact that significantly more fluid movement can be achieved in 10 h compared to
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1 h, and thus the drug release rate should be higher with lower diffusion coefficients, is not
given in this case. Here, diffusion is the driving parameter. The increased proportion of
advection, due to prolonged fluid movement, in addition to pure diffusion is particularly
well seen in the models with higher fluid viscosities. Here, in all cases, a higher or/and
faster relative drug release could be achieved with lower diffusion and longer simulation
time compared to the case of the higher diffusion coefficient and shorter simulation time.
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Figure 13. Comparison of the influence of different diffusion coefficients on the drug release profiles, where ‘high D’
represents the drug release profile of the high diffusion coefficient and ‘low D’ the drug release profile of the low diffusion
coefficient simulation.

3.4. Strengths and Limitations of the Model

The strengths of the model include that the anatomy, fluid volumes and motility
patterns are informed by robust clinical data. The model presented within this paper is
capable of simultaneously capturing data on drug dissolution and distribution within the
ascending colon under a range of motility patterns and fluid viscosities. Generation of such
data in vivo is complex due to the relative inaccessibility of the ascending colon plus the
complexity in controlling either fluid viscosity or motility. However, it is recognised that
validation of the model against clinical data would offer great benefits in demonstrating
the utility of the model.

In the absence of clinical data that directly replicates observations in the model corre-
lations have been sought from the most relevant literature to demonstrate the utility of the
developed model. A comparison of 5-ASA pharmacokinetics in healthy adults; adults with
CD and adults with UC showed that the time to reach the colon was faster with greater
overall exposure for the diseased patients compared to the healthy controls [55]. This in-
creased exposure is likely to be due to a combination of factors: an increase in permeability
due to the inflamed mucosa or the reduction in viscosity of the colonic fluids in patients
with CD or UC or the greater frequency of propagating contractions in the colon [56,57].
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The impact of reduced viscosity and greater frequency of contractions provides consistency
with our model. The regional colonic distribution of material has been shown to differ
between healthy adults and those with UC where those with UC had a significantly lower
percentage in the left side of the colon compared to controls [58]. The rapid transit observed
in UC as a result of greater motility would explain these data, which is consistent with the
findings from our model.

The rapid distribution of material within the ascending colon was demonstrated
in a paper using scintigraphy to visualise mesalamine microspheres where complete
distribution was observed within 30 min of entry to the ascending colon [59] which is
consistent with the low viscosity scenario presented within our model.

Thorpe et al. [60], using a dynamic model of colonic concentrations that mimics
published transit time data, reported that the distribution of 5-ASA within the colon
was shown to change in response to a change in motility patterns with reduced motility
resulting in higher concentrations of 5-ASA [60] which is also consistent with data from our
model. This work considered a simple immediate release formulation as a first step in the
development of the model. Future work will include evaluation of alternative formulations
that target the colon, particularly formulations where clinical data is available so that the
output can be compared to the existing clinical data.

4. Conclusions

This study describes the development of a computational model to describe the drug
release from and the disintegration of a solid dosage form (tablet) and the distribution of
the API in the environment of the ascending colon. The model considers different motility
patterns as well as different fluid viscosities.

The relationships between fluid viscosity, motility pattern, and consequently tablet
drug release/disintegration and distribution along the ascending colon are investigated.
For the targeted drug delivery predictions, conventional in vitro dissolution tests are
commonly performed under standardised conditions and limited abilities to mimic the
real colonic conditions. In particular, this applies to the different motility patterns that
occur in the colonic environment [9]. Our results show how the combination of different
motility patterns and fluid viscosities exerts different shear stresses on the tablet, resulting
in different drug release rates and different drug distributions along the colon. Compared
to the standard drug dissolution tests and apparatuses currently in use [9], our model
not only provides a more realistic environment but also an enhanced insight into the
dissolution/drug release process itself, that to the best of our knowledge, represents the
first step towards the ability to create spatiotemporal tablet drug release profiles. Since
it can replicate almost any motility pattern, including propagating distance, propagating
velocity, propagating direction or even single contractions and different occlusion degrees,
the model allows us to assess how different motility patterns affect the dissolution process
of a solid dosage form. Additionally, of interest is the inter-individual variability, and this
model can predict (to some extent) the variability for a given dosage form in a range of
people. From the results, we can conclude that the movement of the fluid, caused by the
different motility patterns, is one of the most important parameters in terms of drug release,
besides diffusion, and the most important parameter when the tablet is exposed to the fluid
flow. The model provides further insight into whether the motility pattern can transport
the drug in the desired concentration to the sites to be treated. The results obtained can be
of great importance for both medical research and pharmaceutical applications, especially
for the design and optimisation of a modified release dosage form.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13060859/s1, Video S1: Example 1, how the tablet moves back and forth in the
colonic content (section from the simulation ‘Stimulant PEG’ at medium fluid viscosity), Video S2:
Example 2, how the tablet moves back and forth in the colonic content (section from the simulation
‘Stimulant Maltose’ at medium fluid viscosity), Video S3: Section from the simulation ‘CPPW’ at
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low fluid viscosity, where the tablet is pushed to the surface of the fluid, Video S4: Section from the
simulation ‘CPPW’ at medium fluid viscosity, where the tablet remains in the fluid.
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Appendix A

According to the Buckingham π theorem, a physically meaningful equation involving
n of physical variables can be rewritten in terms of a set of p = n − k dimensionless
parameters Π1, Π2, . . . , Πp, where k is the number of physical dimensions involved.

In the case under investigation, we can ideally express the results as mathematical
function f of the type

t = f (v, h, d, µ, ρ, D, R, L) , (A1)

where all the variables and their respective physical units are reported in Table A1 and
shown in Figure A1. Since we have 9 variables and 3 units, we can rewrite Equation (A1)
based on 6 dimensionless parameters,

Π1 = ϕ(Π2, . . . , Π6) , (A2)

1 
 

 
Solid dosage form  

(tablet: h, d)

L

R

v

µ, ρ, D, t

Figure A1. System parameter for the Dimensional Analysis.

Table A1. Variables for the Dimensional Analysis.

Variable Unit Description

(1) t s dissolution time
(2) v m s−1 velocity of wave
(3) h m thickness of tablet
(4) d m diameter of tablet
(5) µ kg m−1 s−1 dynamic viscosity
(6) ρ kg m−3 density
(7) D m2 s−1 diffusion coefficient
(8) R m radius of colon
(9) L m length of colon
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Table A2 shows a possible way to combine the nine dimensional variables into six
dimensionless parameters. As we can see, fixed the radius R, the dimensionless time Π1 is
proportional to the diffusivity, which justify the use of

t0 ∝
R2

D

in Equation (23).

Table A2. Dimensionless variables for the Dimensional Analysis.

Π1 ∝ t D
R2 Π2 ∝ R

L Π3 ∝ d
h

Π4 ∝ d
L Π5 ∝ R v

D Π6 ∝ ρ v R
µ
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